We investigated the mechanism whereby expression of a transgene encoding a locally acting isoform of insulin-like growth factor 1 (mIGF-1) enhances repair of skeletal muscle damage. Increased recruitment of proliferating bone marrow cells to injured MLC͞ mIgf-1 transgenic muscles was accompanied by elevated bone marrow stem cell production in response to distal trauma. Regenerating MLC͞mIgf-1 transgenic muscles contained increased cell populations expressing stem cell markers, exhibited accelerated myogenic differentiation, expressed markers of regeneration and readily converted cocultured bone marrow to muscle. These data implicate mIGF-1 as a powerful enhancer of the regeneration response, mediating the recruitment of bone marrow cells to sites of tissue damage and augmenting local repair mechanisms.
S
keletal muscle regeneration involves the activation of quiescent satellite cells, which participate in the reconstitution of damaged tissues. Recent studies have identified another source of muscle stem cells (SC), named side population (SP) on the basis of their Hoechst dye exclusion properties (1) . Originating in the bone marrow (2), these cells can home to various tissues, differentiating into multiple cell types (3) (4) (5) (6) (7) (8) . Although in lethally irradiated mice, bone marrow-derived SCs replenish the depleted satellite cell pool and subsequently incorporate effectively into exercised skeletal muscle (9) , less is known about the ability of bone-marrow-derived SCs to ameliorate muscle damage under more clinically relevant conditions. Indeed, the transplantation of bone marrow-derived SCs into the mdx dystrophic mouse model had a limited impact on muscle cell replacement (10) , suggesting that the poor recruitment of circulating SCs is one of the limiting factors for tissue repair (10, 11) . Subsequent studies in nonirradiated mice have identified resident stem-like cell populations in skeletal muscle distinct from satellite cells (12) (13) (14) , which undergo myogenesis by means of myocytemediated inductive interactions (15) .
We have previously reported that postmitotic expression of a local isoform of insulin-like growth factor 1 (mIGF-1) induces myocyte hypertrophy (16) , increases mass and strength of postnatal muscle, and preserves regenerative capacity in senescent and dystrophic mice (17) (18) (19) . In the present study, enhanced muscle regeneration was accompanied by increased recruitment of marked, transplanted bone marrow SCs to sites of muscle injury after lethal irradiation. In nonirradiated MLC͞mIgf-1 transgenic mice, muscle injury expanded the SP compartment in the bone marrow. Transgenic animals also had elevated levels of cells coexpressing markers of SC lineage and myogenic commitment at sites of muscle damage. When isolated from regenerating muscles, these cells exhibited accelerated myogenic differentiation in culture and readily induced muscle-specific markers in a subset of cocultured bone marrow cells. These results establish mIGF-1 as a potent regenerative agent, increasing bone marrow and local SC pools and providing a mechanistic explanation for the dramatic effects of supplemental MLC͞mIgf-1 transgene expression on muscle mass and integrity both in vitro and in vivo.
Materials and Methods c-kit͞GFP Transgenic
Mice. Transgenic mice were generated carrying the GFP gene driven by a 6.7-kb mouse c-kit promoter linked to fragments derived from the first intron including five chromatin DNase I hypersensitive sites (50) . The GFP transgene was highly expressed in the majority of c-kit ϩ cells in embryonic sites of haematopoiesis, such as the aorta gonad mesonephros region, fetal liver, and bone marrow.
Bone Marrow Transplantation and SC Analysis. The SP from bone marrow cells was isolated from femur and tibia of 8-week-old c-kit͞GFP transgenic mice by fluorescence-activated cell sorter (FACS) analysis. WT and MLC͞mIgf-1 transgenic recipient mice were lethally irradiated with 9.8 Gy, and each recipient received 1 ϫ 10 3 SP-derived-c-kit͞GFP cells by tail-vein injection. Recipient mice also received 1.5 ϫ 10 5 non-SP cells isolated from WT mice. Irradiated mice were maintained on acidified water and in virus-pathogen-free conditions. Mice exposed to marrowablative doses of ␥ irradiation survive 12-14 days in the absence of bone marrow transplantation. After 15 days of irradiation, the tibialis anterior (TA) muscle was injected with cardiotoxin (CTX), and muscles were harvested 2 days after the injection. Controlateral TA was used as control. Muscle-derived cells were isolated and analyzed by FACS, as described below. bandpass filters. A 488-nm argon laser was used for FITC, phycoerythrin (PE), and PE-Cy5 excitation.
Muscle Primary Cultures. Muscle cultures were prepared as described (20) . Sca-1 ϩ ͞c-kit ϩ and Sca-1 ϩ cells were isolated by FACS analysis and cultured in growth medium (GM) (DMEM supplemented with 20% horse serum͞3% chick embryonic extract). After 5 days of culture, primary muscle cells were shifted in differentiation medium (DMEM supplemented with 5% horse serum͞3% chick embryonic extract). Muscle primary cultures were harvested at different time points, fixed in 4% paraformaldehyde, and processed for immunof luorescence and/or ␤-galactosidase analysis as described (16, 21) .
Bone Marrow-Myoblast Coculture. Myoblasts were cultured as described above. After 3 days in GM, total bone marrow cells or c-kit ϩ ͞Sca-1 ϩ enriched cells isolated from desmin͞nLacZ transgenic mice (22) were added to a monolayer of proliferating myoblasts. Nonadherent cells were removed with PBS washes after 40 min. Adherent bone marrow cells and myoblasts were maintained for 24 h in GM and then shifted in differentiation medium. After 4 days of coculture, cells were harvested, fixed in 4% paraformaldehyde, and stained for ␤-galactosidase (18). , and Sca-1 brightϩ cells were isolated by a FACS-sorter instrument. Total RNA were prepared as described (18), and 0.2 g was used in each RT-PCR assay. The following oligonucleotides were used: Flk1 sense 5Ј-TCTGTGGTTCTGCGTGGAGA-3Ј and antisense 5Ј-GTATCATTTCCAACCACCCT-3Ј, MyoD sense 5Ј-CAC-TACAGTGGCGACTCAGACGCG-3Ј and antisense 5Ј-CCTGGACTCGCGCACCGCCTCACT-3Ј, and Emx2 sense 5Ј-CCCAGCTTTTAAGGCTAGAG-3Ј and antisense 5Ј-CTCCGGTTCTGAAACCATAC-3Ј.
Western Blot Analysis. TA muscles injected with CTX and controlateral control TA were homogenized in modified lysis buffer (10 mM Tris⅐HCl, pH 7.4͞150 mM NaCl͞1% Nonidet P-40͞1% sodium deoxycholate͞0.1% SDS͞10% glycerol) as described (23) . Equal amounts of protein were separated by 12% SDS͞ PAGE, and standard blotting procedures were used.
Results

The mIGF-1 Isoform Increases Recruitment of Bone Marrow-Derived
SCs to Injured Muscle. Among growth factors, IGF-1 plays a key role in muscle regeneration after injury (24) . To determine whether local expression of the MLC͞mIgf-1 transgene enhances recruitment of bone marrow SCs observed after lethal irradiation and toxin-induced muscle damage (9), we transplanted lethally irradiated 3-month-old MLC͞mIgf-1 and nontransgenic siblings with 10 3 bone marrow SP cells derived from a transgenic mouse expressing GFP driven by the c-kit promoter (25, 26) . Using radiation doses that ablate bone marrow cell reserves as well as muscle satellite cell reserves (ref. 9 and T. Partridge, personal communication), we followed the recruitment of transplanted c-kit͞GFP bone marrow cells by induction of local myonecrosis with a single CTX injection in the TA muscle 15 days posttransplant (18, 27) . The effects of MLC͞mIgf-1 transgene expression on bone marrow cell recruitment were assessed 48 h later by FACS analysis of cells expressing the c-kit͞GFP transgene and CD45, a cell surface marker expressed exclusively by the hematopoietic lineage (2, 28) . Immediate recruitment of CD45 ϩ ͞GFP ϩ cells to injured muscle was increased 4-fold above WT levels by local expression of mIGF-1 (Fig. 1) . Similar results were obtained from three additional mice in which muscle injury was induced 6 weeks posttransplant (data not shown), as predicted from previous studies (9) . Transplanted bone marrowderived non-SP cells from c-kit͞GFP transgenic mice did not rescue irradiated bone marrow (data not shown), confirming that the reconstituting SC population is mainly localized in the SP tail (1) . Although lethal irradiation is a significant confounder in defining parameters of SC recruitment because preirradiation of skeletal muscle induces local proliferation and enhances migration of transplanted myogenic precursors (29) , expression of the MLC͞mIgf-1 transgene in nonirradiated regenerating muscle also enhanced c-kit͞GFP cell recruitment when compared to c-kit͞GFP littermate lacking mIGF-1 (Fig. 1B) .
Bone Marrow SC Expansion Induced by Distal Muscle Injury Is En-
hanced by mIGF-1. Muscle injury induced a 5-to 6-fold increase in bone marrow SP cells of both WT and MLC͞mIgf-1 mice ( Fig.  2A) , not seen in other tissues (data not shown). The bone marrow-SP tail of injured MLC͞mIgf-1 muscle included a thickened region expressing high levels of hematopoietic cell surface markers CD45, c-kit, and Sca-1 (2, 30) (Fig. 2B, R2 , blue). Treatment of injured mice with 5-FU, a cytotoxic agent that depletes cycling SCs (26) , was sufficient to block proliferation of bone marrow SP (Fig. 2C Upper) and expansion of the CD45 ϩ ͞ Sca-1 ϩ population in injured muscle, whereas the CD45 ϩ ͞ Sca-1 Ϫ population, representing nonproliferating monocyte infiltration at the site of tissue damage, remained unaffected (Fig.  2C Lower) . Thus, even under nonirradiating conditions, mIGF- (Fig. 3A) , but higher levels of CD45 ϩ ͞Sca-1 ϩ and kit ϩ ͞Sca-1 ϩ cells were found in MLC͞ mIgf-1 injured muscle than in WT (Fig. 3 A and B, CTX) . These cells did not express CD3, a lymphoid lineage marker (31) (Fig.  3A Right) . Because the combination of c-kit, Sca-1, and CD-45 expression is limited to SCs and precursor cells (2, 28, 30, (32) (33) (34) (35) (Fig. 3B  Lower) .
Sca-1 ϩ cells expressed the endothelial marker Flk1 (Fig. 3C ), whereas Sca-1 bright cells activated the expression of Emx2 (Fig.  3D) , a vertebrate homeobox gene controlling neuronal SC proliferation (37) (38) (39) . Thus, local mIGF-1 induces qualitative as well as quantitative changes in proliferating cell populations from regenerating muscle.
Markers of Muscle Regeneration. CD11b is an early myeloid lineage marker (40, 41) , also prominent on human SP cells (42) . Indeed, 25 Ϯ 2.1% of mouse bone marrow SP cells were CD11b͞Sca-1 positive (Fig. 4A) . Of the CD45 ϩ cell populations from injured MLC͞mIgf-1 muscle that expressed Sca-1 (Fig. 4A, gate R2) , 74 Ϯ 1.9% were CD11b ϩ and 20 Ϯ 0.9% were c-kit ϩ ͞CD11b ϩ . In contrast, cells expressing CD45 but not Sca-1 (gate R3) were 90 Ϯ 0.8% CD11b ϩ with no c-kit ϩ cells (data not shown). Similar results were obtained from WT muscle (data not shown). Thus, expression of CD11b on CD45 ϩ Sca-1 ϩ c-kit ϩ cells in the injured muscle bed defines a subgroup of progenitors that may contribute to the process of muscle regeneration. Indeed, when myoblast cultures were generated from the injured muscles of MLC3f͞nLacZ mice (21, 43), a subset of small cells expressing low levels of CD11b coexpressed the muscle-specific transgene (Fig. 4B) .
The homeodomain protein Pax7 has been implicated in the specification of satellite cells from multipotent SCs (44) . Pax 7 products in regenerating muscles were dramatically increased in MLC͞mIgf-1 transgenic mice (Fig. 4C) . Although cells expressing Sca-1 were abundant in the region of mononuclear infiltration and in blood vessels of damaged muscle (Fig. 4D, green  arrow) , only a subpopulation of these cells coexpressed Pax7 (Fig. 4D, yellow arrow) , suggesting a stepwise transition of progenitor cells to a myogenic phenotype. Notably, satellite cells positive for Pax-7 did not express Sca-1 (Fig. 4D, red arrow) (15) .
Myogenic Potential of Cell Subpopulations. In primary cultures,
MLC͞mIgf-1 transgene expression expanded the myoblast population in response to muscle damage, containing 50% more desmin-expressing cells than did WT after 5 days in cultures (Fig.  5A) . A subset of Sca-1 ϩ cells isolated by FACS also expressed markers of the myogenic program, such as Pax-7 and desmin, exhibiting accelerated myogenic differentiation and hypertrophy (Fig. 5B) . Whereas primary MLC͞mIgf-1 muscle cells cultured at low cell density contained a subpopulation cells coexpressing Sca-1 and desmin (Fig. 5C) , the same muscle cultures expressed exclusively desmin when cultured at increased cell density, which triggers a differentiated muscle phenotype (45, 46) . Although 80% of the Sca-1 ϩ cells displayed a myogenic phenotype, the remaining 20% differentiated spontaneously into cells with adipocyte, cardiomyocyte, and neuronal-like characteristics (data not shown). In the context of damaged muscle, Sca-1 therefore marks multipotent progenitor cells endowed with myogenic potential.
Previous studies have demonstrated that skeletal myoblasts can stimulate myogenic conversion in cocultured muscle SP cells (15) . When total bone marrow cells or the c-kit ϩ ͞Sca-1 ϩ fraction were harvested from mice carrying a transgenic desmin͞nLacZ marker (22) and added to a monolayer of proliferating WT and MLC͞mIgf-1 transgenic myoblasts, adherent desmin͞nLacZ cells converted efficiently to a myogenic lineage in vitro after 4 days of coculture (Fig. 5D ) and incorporated into multinucleate myotubes (Fig. 5D Inset) . Myogenic conversion was significantly more efficient on MLC͞mIgf-1 myoblast monolayers (Fig. 5D) . Notably, c-kit ϩ ͞Sca-1 ϩ cells sorted from desmin͞nLacZ bone marrow or muscle tissue did not undergo myogenic differentiation on serum withdrawal when cultured alone (data not shown). Thus c-kit ϩ ͞Sca-1 ϩ cells are not inherently myogenic; their conversion to a myogenic lineage by exposure to myoblasts is enhanced by MLC͞mIgf-1 transgene expression.
Discussion
Although SC-mediated tissue regeneration has promising therapeutic potential, bone marrow-derived SC incorporation into skeletal muscle has heretofore been clinically insignificant (2, 3, 11, 47) . Here we show that enhanced mobilization and homing of bone marrow-derived cells by local mIGF-1 is triggered by damage and presumably contributes to increases in muscle mass, strength, and resistance in age-related atrophy and degenerative disease (17) (18) (19) . In MLC͞mIgf-1 transgenic muscle, the dramatic increase in the bone marrow SP immediately after local muscle injury suggests a potential feedback mechanism whereby this rich source of SCs is mobilized in response to distal trauma. blasts suggests that c-kit expression marks a block in the initiation of the myogenic program. Indeed, Flk-1, a marker of endothelial and mesenchymal precursors, is expressed only in cells lacking c-kit. In contrast to previous studies (15) , cultured Sca-1 ϩ cells readily expressed Pax7, a homeobox-containing transcription factor critical for the specification of satellite cells from a multipotent SC pool (44) but not essential for full myogenic differentiation (15) . Muscle injury dramatically induced the levels and complexity of Pax7 protein isoforms, which were further augmented in the MLC͞ mIgf-1 transgenic background, and a population of cells in injured MLC͞mIgf-1 transgenic muscle expressed high levels of Sca-1 and Emx-2, a gene encoding a Hox protein controlling symmetry of neural SC division (37) (38) (39) . Notably, Emx2 expression is associated with the regeneration of the newt limb amputation in a region giving rise to the blastema, a territory composed of mesenchymal multipotent cells (49) . Although the functional significance of Emx-2 activation in mammalian regeneration remains to be explored, its expression reflects a qualitative change in the damage response of MLC͞mIgf-1 transgenic mice. Current studies are in progress to define the roles played by these factors in enhancement of muscle regeneration by mIGF-1.
